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 Abstract: Background: A three-layered structure for solar cell model is designed. We consider a LHM 
film bounded by a glass superstrate and silicon/or silicon nitride substrate. 
Objective: The aim of this paper is to study transmittance, reflectance and absorptance in a three-layers 
structure composed of a glass superstrate and LHM middle layer; and as a substrate, we will be using 
silicon which is one of the widely used materials to enhance light absorption in multilayer structures. We 
will also be alternating between silicon and silicon nitride substrates to show their influence on the optical 
parameters. 
Method: Our analysis is based on the transfer matrix approach, which is a very powerful algorithm for 
optical parameters calculation in multilayer structures. The transmittance, reflectance and absorptance are 
formulated at some specific incidence angles, computed numerically as functions of the incident fre-
quency and finally plotted using MATLAB software. 
Results: Numerical results provide an extremely high absorption for a specific left-handed material. Thus, 
absorptance near 100% can be theoretically achieved within an ultra broad band if the negative index 
layer is sandwiched in a specifically designed structure. 
Conclusion: It is shown that the proposed structures lead to absorptance improvement over wide ranges 
of frequency and incidence angles. It has been also noticed that the absorptance in a LHM between a glass 
cover and a silicon substrate, is better than the absorptance in a LHM between a glass cover and a silicon 
nitride substrate. With adjustable LHM layer thicknesses and for exact values of the refractive index, we 
can achieve high values of the absorptance coefficient that can reach 100%. These proposed structures 
can be designed and fabricated with existing and future nanotechnology to produce high efficiency solar 
cell devices. 
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1. INTRODUCTION 
In the last two decades, many researchers have reported the 
exceptional properties of newly synthesized materials that are 
not found in nature and are termed as Left handed materials[1]. 
Those materials with negative refractive index had firstly been 
predicted by Veselago [2, 3], they have been used to develop 
a variety of devices with enhanced and uncommon functions 
such as hyper-resolution lenses, optical cloaking devices and 
nanostructured metamaterials that influence  
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all optical data processing chips [4]. Over the last few years, de-
velopment of solar cell efficiency has gained a great deal of atten-
tion [5]. The concept of left-handed material based structures [6-
9] promise new applications especially for solar energy. 
LHM based structures for solar cells became one of the 
most popular structures used as a new mechanism to capture 
and focus a large amount of the incident light in order to en-
hance light-trapping and absorptance [11] both considered 
among the major optical parameters that influences the cell ef-
ficiency and consequently improves it limited absorptance ca-
pability. 
The aim of this paper is to study transmittance, reflectance 
and absorptance in a three-layers structure composed of a glass 
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superstrate and LHM middle layer [12, 13];and as a substrate, 
we will be using a silicon which is one of the widely used ma-
terials to enhance light absorption in multilayer structures 
[14]. We will also be alternating between a silicon and a sili-
con nitride substrates to show their influence on the optical 
parameters. This analysis is based on the transfer matrix ap-
proach [15], which is a very powerful algorithm for optical 
parameters calculation in multilayer structures. The transmit-
tance, reflectance and absorptance are formulated at some spe-
cific incidence angles, computed numerically as functions of 
the incident frequency and finally plotted using MATLAB 
software. The paper is organized as follows: in Section 2, we 
apply the transfer matrix approach in order to obtain the nec-
essary equations of transmittance and reflectance then we de-
velop the theory leading to the absorptance coefficient. Sec-
tion 3 concerns numerical results and a deep discussion of the 
plotted figures. Conclusion and application field are given in 
Section 4. 
2. DESIGN AND THEORY 
In this work, a three-layered structure for solar cell model 
is designed as shown in Fig. 1. In particular, we consider a 
LHM film bounded by a glass superstrate and silicon/or silicon 
nitride substrate. 
In this study, we present the results only for TE and TM 
polarized light. 
 
Fig. (1). Schematic diagram of the considered structure based on neg-
ative index material film. 
The refractive index of the LHM core is a complex number 
𝑛2 = 𝑛𝑟(𝜔) + 𝑖𝑛𝑖(𝜔), where: ɛ2 = 𝜀𝑟(𝜔) + 𝑖ɛ𝑖(𝜔)is the 
complex permittivity and 𝜇2 = 𝜇𝑟(𝜔) + 𝑖𝜇𝑖(𝜔) is the com-
plex permeability. In this study, we assume that the LMH per-
meability is -1 and it permittivity is expressed through Drude’s 




Where ɛ𝑙  is the lattice permittivity 𝜔𝑝 is the plasma fre-
quency and γ is the electric damping factor. 
The refractive index of the glass superstrate is  𝑛1 = 1.51. 
We assume that a plane wave is incident to the three-layer 
structure and the corresponding propagation angles to the nor-
mal are respectively 𝜃1,𝜃2, and 𝜃3. The statement of the well-
known Snell's law [16] is 𝑛𝑞 sin 𝜃𝑞 = 𝑛1 sin 𝜃1, (q=1, 2, 3). 
The transfer matrix method is widely used for reflection and 
transmission calculations of multilayer structures. It relates the 
incident and reflected waves at the input layer with the inci-
dent and reflected waves at the output layer. 
The transfer matrix Q for the proposed structure is defined 























𝑖?̃?2 sin 𝜑2 cos 𝜑2
) (2) 
Where𝑛2,?̃?2and 𝜑2 are respectively the complex refractive 
index of the layer 2, the effective refractive index and the 
phase thickness. 
For the transverse electric (TE) polarization: 
 ?̃?𝑞 = 𝑛𝑞cos 𝜑𝑞  and 𝜑2 =
2𝜋
𝜆
𝑑 𝑛2cos 𝜑2 
And for the transverse magnetic (TM) polarization: 
 ?̃?𝑞 = 𝑛𝑞/cos 𝜑𝑞  and 𝜑2 =
2𝜋
𝜆
𝑑 𝑛2/cos 𝜑2 
where q=(1,2,3). 
Following the notations and the usual standard method 
based on the transfer matrix method, the amplitude reflectance 









The reflection coefficient R is the square of the reflection 
amplitude𝑅 = |𝑟|2, the total reflection coefficient 𝑅𝑇𝑜𝑡 is the 
average of 𝑅𝑇𝐸and 𝑅𝑇𝑀 where 𝑅𝑇𝑜𝑡 =
(𝑅𝑇𝐸 + 𝑅𝑇𝑀)
2
⁄ . The 
transmission coefficient T is given by 𝑇 = (
ñ3
ñ1
⁄ ) ∗ |𝑡|2, the 
total transmission coefficient 𝑇𝑇𝑜𝑡is the average of 
𝑇𝑇𝐸and 𝑇𝑇𝑀 where𝑇𝑇𝑜𝑡 =
(𝑇𝑇𝐸 + 𝑇𝑇𝑀)
2
⁄ . By applying the 
law of conservation of energy, we get the absorption coeffi-
cient A defined as: A=1-R –T. 
3. RESULTS AND DISCUSSIONS 
The optical coefficient (absorptance, transmittance and re-
flectance) of the waves propagating in the structure are evalu-
ated through Matlab calculation. 
The considered values of ɛ𝑙 , 𝜔𝑝 and γ are: ɛ𝑙 = 9.1, 𝜔𝑝 =
1.21016 𝑟𝑎𝑑/𝑠 and γ= 1.21014𝑟𝑎𝑑/𝑠. 
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In Fig. 2, the optical coefficient are drawn versus the fre-
quency at normal incidence and for values of LHM refractive 
index in the frequency range of visible and near infrared [9]. The 
proposed structure is having Silicon (SiN) substrate with refrac-




Fig. (2). Optical coefficient at normal incidence versus the frequency 
in a LHM based structure with Silicon Nitride as substrate. (a) Ab-
sorptance, (b) Reflectance, (c) Transmittance. 
In Fig. 2a, the maximum absorptance is around 97% and 
reached for LHM refractive index 𝑛2 = −2.83 + 0.125𝑖. 
Fig. 2b shows that for the same refractive index correspond 
the lowest reflectance of no more than 2%. 
Fig. 3 displays the absorptance, transmittance and reflec-
tance versus the frequency in TE mode for several values of 
the LHM layer refractive index and at normal incidence. Sili-
con (Si) is considered as a substrate with refractive index.𝑛3 =




Fig. (3). Optical coefficient at normal incidence versus the frequency 
in a LHM based structure with Silicon as substrate. (a) Absorptance, 
(b) Reflectance, (c) Transmittance. 
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For 𝑛2 = −4.098 + 0.161𝑖, the reflectance is at the mini-
mum value (near zero) while the absorptance reaches a maxi-
mum value of 99.8 %. This structure can be considered to con-
ceive new high absorptance solar cells. 
In Fig. 4, we consider the previous structure consisting of 
Silicon substrate and LHM having it refractive index 𝑛2 =
−4.098 + 0.161𝑖. Absorptance, transmittance and reflectance 
are drawn at normal incidence for TE and TM modes. 
Fig. 5 displays the absorptance coefficient of transverse 
electric (TE) polarization for four values of the angle of inci-
dence (𝜃1 = 15°, 𝜃1 = 30°, 𝜃1 = 45°, 𝜃1 = 60°). 
It is shown through the numerical simulations that the pro-
posed structures lead to absorptance improvement over wide 
range of frequency and incidence angles. The structure having 
Silicon substrate reaches maximum absorptance values over 
90% for all incidence angles. The maximum absorptance of 
99.9% is reached for  𝜃1 = 60°. 
In Fig. 6, transmittance is drawn versus the frequency for 
TE mode and for four values of the angle of incidence (𝜃1 =
15°, 𝜃1 = 30°, 𝜃1 = 45°, 𝜃1 = 60°). 
A decrease in the transmittance with the increase in the an-
gles of incidence can be noticed. 
The absorption coefficient in the waveguide structure 
based on a LHM layer between a semi-infinite glass cover and 
a semi-infinite Silicon substrate is higher than the absorption 
coefficient in the waveguide structure based on a negative in-
dex layer between a semi-infinite glass cover and a semi-infi-
nite Silicon Nitride substrate. 
  
(a) (b) 
Fig. (4). Transmittance, reflectance and absorptance coefficients at normal incidence versus the frequency. 
(a) TE mode, (b) TM mode. 
  
(a) (b) 
Fig. (5). Absorptance versus frequency for different incidence angles in a three-layered LHM based structure; silicon nitride (SiN) substrate 
(a); silicon (Si) substrate (b). 
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(a)  
(b)  
Fig. (6). Transmittance versus the operating frequency for different 
incident angles in a three-layered LHM based structure; Silicon Ni-
tride substrate (a); silicon substrate (b). 
4. CONCLUSION 
A Three-layered structure for solar cell model containing 
negative index material has been investigated. The transfer 
matrix method is used in order to find the optical coefficients 
faster and more exactly than other methods. It is shown, 
through the numerical simulations that the proposed structures 
lead to absorptance improvement over wide ranges of fre-
quency and incidence angles. It has been also noticed that the 
absorptance in a LHM between a glass cover and a silicon sub-
strate, is better than the absorptance in a LHM between a glass 
cover and a silicon nitride substrate. With adjustable LHM 
layer thicknesses and for exact values of the refractive index, 
we can achieve high values of the absorptance coefficient that 
can reach 100%. These proposed structures can be designed 
and fabricated with existing and future nanotechnology to pro-
duce high efficiency solar cell devices. 
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